ABSTRACT The organization of chromatin in the cell nucleus is crucial for gene expression regulation. However, physically probing the nuclear interior is challenging because high forces have to be applied using minimally invasive techniques. Here, magnetic nanorods embedded in the nucleus of living cells are subjected to controlled rotational forces, producing micron-sized displacements in the nuclear interior. The resulting time-dependent rotation of the nanorods is analyzed in terms of viscoelastic parameters of the nucleus, in wild-type and Lamin A/C deficient cells. This method and analysis reveal that Lamin A/C knockout, together perhaps with other changes that result from the knockout, induce significant decreases in the nuclear viscosity and elasticity.
INTRODUCTION
The precise organization of interphase chromatin in the nucleus of eukaryotes cells is crucial for the regulation of gene expression. A nuclear scaffold is thought to define the spatial organization of interphase chromatin (1) . Even if important elements of the nuclear architecture have been identified, such as the nuclear lamina, the organization of interphase chromatin is poorly understood. The associated physical properties of the nucleus interior, such as nuclear viscoelasticity that controls the dynamics of the transcription machinery, are also largely unknown (2) . The nuclear lamina is mainly constituted of polymers of Lamin A/C and Lamin B, which form a dense network that coats the surface of the inner nuclear envelope leaflet and also interdigitates the nucleoplasm (3). Several nuclear proteins interact with lamins, including core histones (4), BAF (5) and HP1 (6) , and linkers of nucleoskeleton to cytoskeleton complexes (7, 8) , which mediate physical connections between chromatin, the nuclear lamina, and the cytoskeleton, which in turn participate in gene regulation. Studies in Drosophila melanogaster indicate that lamins bind to transcriptionally inactive chromatin (9) and chromatin anchorages to the nuclear lamina are critically involved in delimiting regions with different gene activation levels (10) .
To study the physical properties of the nuclear interior, it is crucial to have tools able to precisely apply forces and deform the nuclear interior. The structure of the first level of nuclear organization, the chromatin fiber, has been studied using single-molecule experiments. Single reconstituted fibers have been pulled (11) (12) (13) and twisted (14, 15) in order to obtain their physical properties. At a higher level of organization, the structure of isolated metaphase chromosomes has been studied in pulling experiments using micropipettes (16, 17) . However, the structure of interphase chromatin needs to be studied in situ in the cell nucleus, which greatly complicates the experimental requirements. Particle microrheology (18) and magnetic tweezers (19) have been used to assess the nuclear interior by the spontaneous or forced lateral movements of spherical probes.
In the magnetic-tweezers technique, magnetic particles are manipulated with a magnetic field, with the advantage of allowing researchers both to study a small nuclear volume noninvasively and to apply forces in the nuclear interior. However, the method faces a major challenge. Because small particles are required (<1 mm) and applied forces decrease proportionally with particle volume, magnetic forces are not sufficiently strong to deform the nuclear interior. A recently developed technique partially circumvents this problem by using microfabricated poles to create a high magnetic field gradient (20) . Using this technique, Vries et al. (19) displaced a 1-mm bead over distances of <200 nm in the nuclear interior. However, the technique is complicated because the cell needs to be positioned at <10 mm from the tips of the microfabricated poles. Furthermore, a constant magnetic field gradient between the poles is difficult to ensure and therefore the exact force applied on the bead is uncertain.
Here, we demonstrate what to our knowledge is a new method to apply large rotational forces within the nuclear interior without the need of microfabricated poles (Fig. 1) . To our knowledge, this method is the first noninvasive technique able to produce micron-sized displacements inside the nucleus. The magnetic field strength B is constant in at least a~5 Â 5 mm 2 region on the cell culture dish and therefore the torque applied does not depend on the position of the probe within the cell. The strength B can be readily increased by bringing the magnets closer to the sample, producing torques at least 10 times larger than the ones shown in this work (Fig. 2) . Because the magnets are located far from the cells, the technique has the potential to be applied to cells in a tissue.
We use this technique to measure the viscoelastic properties of nuclei of wild-type (LMNA þ/þ ) and Lamin A/C-deficient (LMNA À/À ) mouse embryonic fibroblasts (MEFs). Our measurements suggest that Lamin A/C participates in the organization of the nuclear material regulating the mechanical properties of the nuclear interior. The dramatic difference observed in LMNA À/À MEFs can be explained by a loss of Lamin A/C-mediated chromatin anchor points and/or a loss of lamin networks interdigitating the nucleoplasm volume.
MATERIALS AND METHODS

Cell culture
Wild-type mouse embryonic fibroblasts (LMNA þ/þ MEFs) and MEFs obtained from Lamin A/C knockout mouse (LMNA À/À MEFs) were cultured in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) complemented with 10% bovine calf serum (BCS; American Type Culture Collection, Manassas, VA), 100 units/ml penicillin, and 100 mg/ml streptomycin (Sigma) and maintained at 37 C, 5% CO 2 and humidified atmosphere. Cells were passaged every 3-4 days and discarded after 15 passages. Previous work by our group and others has identified phenotypic differences between WT and LMNA À/À cells, including cell migration and polarization (21) .
Nanorod fabrication
Platinum/Nickel/Platinum (Pt/Ni/Pt) nanorods were fabricated by electrochemical deposition in the pores of an aluminum oxide membrane (Whatman, Springfield Mill, England), as previously described (15 C and the membrane in 2 M KOH at 65 C overnight. The nanorods were finally sonicated and suspended in ethanol for storage. The nanorods have a distribution of diameters and lengths, with an approximate average of 200 nm in diameter and 1.5 mm in length. We used scanning electron microscopy to measure the pore diameter where the nanorods were deposited while the length of the nanorods was measured using bright-field microscopy. The measured nanorod length is 1.46 5 0.05 mm (5 SD). Because the pores are not perfectly circular, an apparent diameter was obtained using 
Introduction of nanorods into the cells
The nanorods were separated from the ethanol in which they were stored by approaching a magnet to the tube wall. The nanorods cluster against the vessel wall in less than a minute and the supernatant is removed using a micropipette. The rods were first suspended in Standard Buffer (10 mM phosphate buffer, pH ¼ 8, 0.1% Tween-20) complemented with 1 mg/ml bovine serum albumin, incubated for 20 min and resuspended in Standard Buffer and sonicated for 1 min. Nanorods were ballistically injected in the cytoplasm or nucleus of cells using a Biolistic PDS-1000/HE particle delivery system (BioRad, Richmond, CA). Nanorods were ballistically injected in cells at 80% confluence. Macrocarriers were coated with nanorods (~10 5 nanorods) and 1100-psi rupture disks were used. After bombarding with nanorods, cells were washed three times to prevent cellular endocytosis of the nanorods. Cells were given at least 8 h to recover postbombardment. Cells were then replated to remove nanorods that were outside of the cells, typically on the substrate surface. Replated cells were allowed to spread for 24 h before experiments. The nanorods were found preferentially close to the nucleus membrane (within z5 mm from the membrane).
Driven rotation and high-resolution tracking of nanorods
Experiments were conducted using an inverted microscope (Eclipse TE2000-E; Nikon, Melville, NY) equipped with a linear stage (460P-XYZ; Newport, Irvine, CA) that holds a custom-made rotational stage with a couple of parallel Neodymium-Iron-Boron permanent magnets (K&J Magnetics, Jamison, PA) placed 2 mm from each other. Each magnet is 6 mm in size and of grade N42. The sample is illuminated through the space between the magnets. The distance between the magnets and the cells is 20 mm for all the experiments. Magnets in this configuration produced a magnetic field parallel to the glass substrate, which orient any nanorods that are parallel to the glass substrate. Samples are observed using a high magnification 60Â oil-immersion objective lens. Time-lapsed images were collected with a charge-coupled device digital camera (ORCA-ER; Hamamatsu, Hamamatsu City, Japan) at a frame rate of at least 10 Hz. The videos were analyzed on a PC using customized software written in MATLAB (version 7.1.0.246; The MathWorks, Natick, MA). The timedependent angle and position of the nanorod at each frame were obtained by fitting an ellipse to the largest dark area in the image (Fig. 1 E) .
Experiments consisted of a rotation of the magnetic field parallel to the glass substrate while measuring the response of the nanorod for 180 s. Because the magnetic field is always parallel to the substrate, it induces a rotation of the nanorod parallel to the substrate. A rotation perpendicular to the substrate would reduce the apparent length of the nanorod. We do not see changes on nanorod length during rotation. We tested reversibility by rotating the magnetic back to its initial orientation. We also tested the effect of three sequential rotations in the same direction. No significant difference in the nanorod response was observed either in reverse rotations or in sequential rotations.
The strength with which the magnetic field orients the nanorod dipole was measured by tethering a nanorod to the glass substrate using a10-kbp DNA molecule. This experiment was conducted in water. The nanorod was pulled using the magnets in the same configuration used for the cell experiments. While leaving the orientation of the magnets constant, we recorded the angular fluctuation of the nanorod. The torque applied by the magnetic field to the nanorod is t ¼ m Â B~mBq, where m is the nanorod magnetic dipole and B is the applied magnetic field. The product mB was obtained from the histogram of 5000 measurements of the angle of the nanorod. We applied the equipartition theorem to find mB ¼ k B T/hdq 2 i. We conducted this experiment for three different nanorods and found mB ¼ 8410 5 690 k B T. This value is a direct measurement of the strength of the magnetic field that orients the nanorods in the cells. The presence of the DNA molecule does not interfere with the measurements because the twist stiffness of the 10-kbp molecule is~2.2 Â 10 À2 k B T, which is much lower than the product mB.
RESULTS AND DISCUSSION
Rotational forces or torques were applied to magnetic nanorods located inside the nucleus in order to deform the nuclear interior (Fig. 1 A) . The magnetic torque experienced by a magnetic particle does not depend on the magnetic field gradient, as is the case of the magnetic linear force; instead, it depends on the magnetic field strength (Fig. 1 B) , according to the formula t ¼ m Â B, where m is the dipole of the particle. We used Pt/Ni/Pt nanorods that are 200-nm diameter and 1.5 mm in length with the ferromagnetic Nickel section of 500 nm in length. This construct produced a magnetic dipole oriented in the direction of the nanorod axis. A pair of cubic permanent magnets positioned 20 mm above the cell culture dish was used to generate a horizontal magnetic field (Fig. 2) . A sudden rotation of the pair of magnets by 90 rotated the magnetic field, producing a torque that tended to orient the nanorod embedded in the cellular nucleus or the cytoplasm in the new preset direction of the field. During this process, the nanorod experienced a torque equal to mBsin[p/2Àq (t)], where q(t) is the time-dependent angle of the nanorod with respect to the initial orientation of the field.
To calibrate the torque applied by the magnetic tweezers before experiments, we measured the strength of the angular trap, mB, using a single-molecule approach. A magnetic nanorod was tethered by a single DNA molecule to a glass slide and pulled away from the surface using the same pair of magnets and in the same relative position as in the cell experiments (see Materials and Methods). The angular fluctuations of the nanorod displayed a Gaussian distribution centered at the direction the magnetic field, q ¼ 0 (Fig. 1, B and C). The equipartition theorem allowed us to obtain mB ¼ 8410 5 690 k B T (see Materials and Methods). Fig. 2 B shows that the simulated magnetic field at 20 mm from the magnets (path 2) is 1.4 mT, therefore using the estimated dipole of a 500-nm Nickel segment (1.8$10 À14 A$m 2 ), with the prediction of the angular trap strength being 6270 k B T, close to the experimental value. The strength of the angular trap can be easily changed in our setting by moving the magnets vertically, closer to or farther from the glass slide. We used the same angular trap strength in all the experiments described in this work.
This magnetic trap applied a rotational force sufficient to rotate the nanorod inside the nucleus producing a large deformation of the nuclear interior. Fig. 1 E shows a typical time sequence of the rotational movement of a nanorod embedded in the nucleus. The magnetic field and the nanorod had the same orientation before t ¼ 0 (pointing Biophysical Journal 101(8) 1880-1886 upwards). At t ¼ 0, the magnetic field was rotated by 90 . The nanorod angle q changed rapidly in the first second and slowly during the following seconds.
The evolution of q after a change of the magnetic field depended on the properties of the nuclear interior (Fig. 3) . We used a custom-made code to track q(t) from bright-field images of nanorods taken at 10 frames/s in the nucleus and in the cytoplasm of LMNA þ/þ and LMNA À/À MEFs. Fig. 3 C shows representative evolutions of q(t) in these experiments. Curves obtained in LMNA þ/þ nuclei (green symbols) showed that the nanorods did not reach the angle of the magnetic field (90 ) within seconds; instead, they suffered a fast initial rotation and reached an angle of 40 and then slowly crept toward the direction of the field. We defined the residual angle as the difference between the magnetic field angle and the angle of the nanorod at 10 s. The existence of a residual angle suggests that the nuclear material has a significant elastic component, exerting forces that grow with the applied deformation. This observation agrees with measurements that found a high nuclear elasticity (18, 19, 22, 23) .
The response of nanorods in the interphase nucleus of LMNA À/À MEFs presented a significantly smaller residual angle than the one obtained for nanorods in the interphase nucleus of LMNA þ/þ MEFs (red symbols in Fig. 3 ). This striking difference suggests that Lamin A/C proteins are involved in maintaining the nuclear internal structure, by keeping the position of chromatin and/or through internal networks of lamin proteins. We show for comparison the response of nanorods in the cytoplasm (blue symbols). The initial phase of rotational movement was significantly faster than for nanorods lodged in the nucleus, and the curves presented little or no residual angle. We found no significant difference between nanorods' responses in the cytoplasm of LMNA þ/þ MEFs and those in the cytoplasm of LMNA
MEFs. This result was expected because the strength of the magnetic field was optimized to produce curves that reveal the nucleus viscoelastic properties. Therefore, the magnetic field was too strong to interrogate the cytoplasm. Nanorods in the cytoplasm reached the direction of the magnetic field within~1 s, producing curves that do not contain enough information to detect the relatively small viscoelastic differences.
To obtain a precise measurement of the rheological properties of the nucleus, we first searched for a viscoelastic model able to represent the evolution of q(t) after a sudden change in magnetic field orientation. Different assemblies of torsional dashpots and torsional springs were considered and used to approximate the properties of the nuclear interior (Fig. 3 A) . Each assembly generated a different timedependent profile for the angle in response to external torques (see the Supporting Material). Fig. 3 B shows theoretical curves fit to the experimental data using models I-IV. These models correspond to torsional dashpot and spring in series (Model I) and parallel (Model II), a torsional spring in series with a second element composed of a torsional spring in parallel with a torsional dashpot (Model III), and a torsional dashpot in series with a second element composed of a torsional spring in parallel with a torsional dashpot. Models I-III generated responses that were significantly different from the experimental data. Model I could not hold a residual angle and models II and III reached their final angle after a fast rotation. Only model IV had a fast initial rotation and did not reach its final angle as a result of it. After the fast initial rotation, model IV rotated slowly toward 90
. We fitted the angular data from each experiment with model IV (solid curves in Fig. 3 C) using an unconstrained nonlinear optimization function to minimize the sum of the squared errors. As a result, we obtained the three fitting parameters: the dashpots' damping coefficients (g 1 , g 2 ) and the spring constant (k 1 ), which are related to the viscosities (h 1 , h 2 ) and the shear modulus (m) of the material (see the Supporting Material). The finding that model IV is able to explain the differential response of nanorods in WT and LMNA À/À cells suggests that three parameters are sufficient to describe a wide range of nuclear conditions. This is practically convenient because it defines a simple way of charactering and comparing different nuclei. Model IV represents a material that has two characteristics regimes depending on the deformation rate and the total deformation. The other models have only one characteristic behavior. In the nanorod evolution curves, the two regimes can be seen in the fast initial rotation and the much slower one that follows. Mathematically, model IV predicts an evolution with a function consisting of two exponentials (see the Supporting Material). At high deformation rate and low total deformation, the independent dashpot (dashpot with constant h 1 in Fig. 4 ) basically does not deform because of the higher resistance it opposes in comparison to the combination of dashpot and spring in parallel (dashpot with constant h 2 and spring with constant m in Fig. 3 ).
Note that h 1 is an order-of-magnitude higher than h 2 for nanorods inside the nucleus. In this regime, the material has a solidlike behavior because of the relative importance of the spring elastic response. Instead, at low deformation rate and high total deformation, the independent dashpot deforms significantly because it opposes a lower resistance than the combination of dashpot and spring in parallel. In this regime, the material has a liquidlike behavior because of the relative importance of the dashpot viscous response. From a molecular point of view, the elastic, solidlike regime probably originates from fibers that bend and stretch without significant rearrangement. The viscous, liquidlike regime, instead, probably originates from fibers rearranging and sliding with respect to each other and the friction that this process involves.
Our measurements indicate that the viscosity and shear modulus of the cell nucleus are significantly affected in the absence of Lamin A/C. LMNA À/À cells had a viscosity seven times lower than LMNA þ/þ and a shear modulus three times lower. Previous measurements of Lamin A/Cdeficient cells found decreased cellular (24) and nuclear stiffness (25) . However, it was not clear whether the change in mechanical properties was the result of alteration of the nuclear lamina only or if alterations of the nuclear interior were also present. Our result shows that the mechanical properties of the nuclear interior are changed in LMNA À/À cells. This result suggests that Lamin A/C mediates anchor points with chromatin and/or it forms internal networks that determine the organization of the nucleus interior. The shear modulus of WT cells obtained in our experiments correspond to a Young's modulus of the nucleus Y ¼ 3m ¼ 1.5 Pa. Previous measurements of WT HeLa cells using a 1-mm-diameter magnetic particle obtained an elasticity of 250 Pa (19) . The apparent disagreement is probably a result of the different dimensions of the probes. The diameter of the nanorods used in our experiments is 200 nm. Indeed, particle tracking measurements using 100-nm diameter nanospheres (18) found a Young's modulus of 18 Pa for Swiss 3T3 fibroblast nucleus, closer to our measurements. If these differences are the result of probe size, then important structural elements of the nuclear interior are spaced~1 mm and are not sensed with smaller probes. Differences in nuclear internal elasticity could arise also from different chromatin organization in the different cell lines used in the experiments.
Nanorod introduction into the nucleus probably alters the local structure of chromatin and other internal structure of the nucleus. However, our results indicate that this alteration is not significant because it does not impair cell functions, such as cell shape and motility. Because measurements were obtained >32 h after introduction of the nanorods, our measurements captured the internal properties of viable cells. The difference observed between wild-type and LMNA knockouts shows that the technique produces relevant information of the nucleus interior.
CONCLUSION
We have described what to our knowledge is a new method to manipulate particles in the interior of the cell nucleus. A calibrated magnetic torque produces rotation of a nanorod inside the nucleus of a living cell. The analysis of the rod motion generates precise information of the rheological properties of the medium where the nanorod is located. These rheological properties are the result of the nucleus internal architecture and interphase chromatin organization. We found that the nucleus of Lamin A/C-deficient cells have lower elasticity than that of WT cells, which suggests that anchor points mediated by Lamin A/C and/or internal networks of Lamin A/C are critical to nuclear spatial organization. However, our experiments did not exclude potential secondary effects derived from the lack of Lamin A/C. Future experiments can systematically map the viscoelastic properties of the nucleus to help elucidate the global structure of the nuclear interior. Furthermore, the capacity to produce controlled large displacements inside the nucleus can be used together with imaging techniques (26) to assess the effects in gene expression of nuclear structural changes. Magnetic nanorods apply large magnetic forces using magnets located far from the cells (several centimeters). Therefore, using this technique, several nuclei in a tissue or an organ can be deformed at the same time.
SUPPORTING MATERIAL
Additional information with supporting equations is available at http:// www.biophysj.org/biophysj/supplemental/S0006-3495 (11) 
